Introduction
============

Pseudorabies (PR), which is also known as Aujeszky\'s disease (AD), has resulted in significant impacts on the swine industry since it was first identified by Aujeszky in 1902. This disease is caused by the pseudorabies virus (PRV), a double-stranded DNA virus that belongs to the *Herpesviridae* family and the *Alphaherpesvirinae* subfamily. PRV infection is characterized by respiratory, reproductive, and neurological symptoms, varying according to the age of the pigs and the virulence of the strain. While efforts to eradicate PRV in the United States and Europe have shown great progress, pseudorabies remains an endemic problem in many countries \[[@B6][@B15]\].

Since late 2011, a few outbreaks of disease in pigs have caused large economic losses to the swine industry in China. It was been shown that the pathogenic PRV was one of the etiologic agents of the epidemic, and PRV variants were isolated from different region of China. New PRV isolates were also reported to have significantly increased virulence and significant differences in antigenicity compared to previous isolates \[[@B1][@B12][@B17][@B18][@B19]\].

Therefore, to elucidate the cause of PR outbreaks among Bartha-K61-vaccinated pigs, clinical samples from pigs with suspected PRV infections were collected in Guangdong province from 2013 to 2014 and 11 PRV strains were isolated in our laboratory. A number of major viral genes were selected for molecular characterization of the new prevalent PRV strains. Conventional live attenuated vaccine strains, such as Bartha and Norden, have a natural deletion of a large fragment in the unique short region of the genome, including the *gE*, *gI*, *11K*, and *28K* genes \[[@B7][@B13][@B14]\]. Moreover, deletion of a large fragment in the *28K* gene was also found in vaccine strain BUK-TK900 \[[@B3]\]. Based on these findings, these deletions are the likely cause of attenuated virulence since *gE*, *TK*, *gI* and *PK* are known to contribute greatly to the virulence of PRV in pigs \[[@B4][@B5][@B8][@B17]\]. Furthermore, as a constituent of the viral envelope, glycoprotein gD is essential for PRV replication and induces neutralizing antibodies \[[@B16]\]. Thus, the *gE*, *TK*, *gI*, *gD*, *PK*, *11K* and *28K* genes of the isolated strains were selected for analysis in this study.

The goal of this study was to establish phylogenetic relationships between PRVs circulating in southern China from 2013 to 2014 with other strains based on molecular characterization, elucidate the prevalence of the virus, and generate useful guidelines for the epidemiological control of pseudorabies in China.

Materials and Methods
=====================

Virus strains
-------------

To investigate the cause of recent PR outbreaks, clinical samples were collected from different pig farms in Guangdong province from 2013 to 2014, where PRV Bartha-K61 vaccines were used to protect their pigs against pseudorabies. Overall, 11 PRV strains were isolated in our laboratory and designated GD-1-2013, GD-2-2013, GD-3-2013, GD-4-2013, GD-5-2014, GD-6-2014, GD-7-2014, GD-8-2014, GD-9-2014, GD-10-2014, and GD-11-2014 ([Supplementary Table 1](#S1){ref-type="supplementary-material"}).

Viral genome extraction and PCR amplification
---------------------------------------------

DNA extraction was performed using an AxyPrep Body Fluid Viral DNA/RNA Miniprep Kit (Axygen, China) according to the manufacturer\'s instructions. For sequencing, the major viral genes (*gE*, *TK*, *gI*, *gD*, *PK*, *11K* and *28K*) of these PRV strains were amplified by PCR in a total reaction volume of 50 µL containing 2.5 U of LA Taq DNA polymerase (Takara Bio, China), 25 µL of 2× GC buffer І (Takara Bio), 20 pmol of each primer ([Table 1](#T1){ref-type="table"}), 2 mM of each deoxynucleoside triphosphate (dNTP), and 2 µL of extracted DNA. The thermocycler programs used are shown in [Table 1](#T1){ref-type="table"}. The PCR products were visualized on 1.0% agarose gels stained with ethidium bromide after running for 30 min at 110 volts. The PCR products were sent to BGI Tech Solutions (China) for sequencing in both directions.

Sequence analysis and alignment of nucleotide sequences
-------------------------------------------------------

The sequencing results were edited and analyzed using the DNAstar software (ver. 7.1.0). Clustal X 2.0 was used to compare the nucleotide sequences of strains isolated in this study with those of other representative PRV strains ([Supplementary Table 2](#S2){ref-type="supplementary-material"}). The nucleotide sequence homologies were further assessed using Clustal W (DNAstar software). Phylogenetic trees were constructed using the neighbor-joining method with the MEGA program (ver. 5.05) and bootstrap analyses were conducted using 1,000 replicates.

Results
=======

Homology analysis
-----------------

Homology analysis was performed to compare the nucleotide sequences of the viral genes of the 11 isolated strains with other strains available in GenBank. The homologies of the nucleotide sequences of *gE*, *TK*, *gI*, *gD*, *PK*, *11K* and *28K* among the PRV isolates under investigation were 99.8%--100.0%, 99.9%--100.0%, 100.0%, 99.9%--100.0%, 99.9%--100.0%, 100.0% and 100.0%, respectively. The *gE*, *TK*, *gI*, *gD*, *PK*, *11K* and *28K* genes of the strains under investigation shared 99.7--99.9%, 99.9--100.0%, 99.9%, 99.9--100.0%, 99.9%--100.0%, 99.3% and 100.0% nucleotide homology, respectively, with the TJ strain (China, 2012), indicating a very close phylogenetic relationship. The *gE*, *TK*, *gI*, *gD*, *PK*, *11K* and *28K* genes of the PRV isolates under investigation shared identities of 99.5%--99.7%, 99.7%--99.9%, 99.7%, 99.4%--99.5%, 98.9%--99.0%, 99.3%, and 99.7%, respectively, compared with the previously isolated Ea strain (China, 1992), and identities of 97.7%--98.1%, 99.5%--99.7%, 96.1%--96.3%, 98.9%--99.4%, 98.4%--99.6%, 98.0%, and 96.2%--97.4%, respectively, compared with the occidental strains Becker (USA, 1967) and Kaplan (Hungary, 1959).

Alignment of nucleotide sequences
---------------------------------

Alignment of nucleotide sequences was conducted to identify differences between strains isolated in the Western and Eastern regions on a global scale. When compared with Kaplan and Becker, there were two insertions of six discontinuous nucleotides at positions 142--144 and 1,488--1,490 in the *gE* gene of the strains under investigation, which was similar to other strains isolated from China during 2012--2013 (panel A in [Fig. 1](#F1){ref-type="fig"}). There was a 6 nt deletion at position 82--87 in the *PK* gene of the tested strains compared with Becker (panel B in [Fig. 1](#F1){ref-type="fig"}). When compared with Kaplan and Becker, there was a 3 nt insertion at position 737--739 and a 3 nt deletion at position 518--520 in the *gI* gene of the tested strains (panel C in [Fig. 1](#F1){ref-type="fig"}). A 6 nt insertion was identified in the *gD* gene of our isolated strains at nucleotide position 831--836 compared with Kaplan and Bartha (panel D in [Fig. 1](#F1){ref-type="fig"}). The rest of the genes investigated in this study had no nucleotide insertions or deletions in common with the other PRV isolates.

To provide a further understanding of the variations in Chinese PRV isolates, differences among the 11 isolates under investigation and previously isolated Chinese strains were analyzed. We found that both our isolates and Ea (China, 1992) had the same insertions or deletions in the *gI* and *PK* genes (panels B and C in [Fig. 1](#F1){ref-type="fig"}). A 6 nt insertion was identified in the *gD* gene in all the tested strains, as well as in Fa (China, 1989), which was absent from PRV-FZ (China, 2007), LA (China, 2002) and Min-A (China, 1996) (panel D in [Fig. 1](#F1){ref-type="fig"}). Furthermore, two insertions were identified in the *gE* gene of the tested strains when compared with Kaplan and Becker. The first insertion site was found in all 11 isolates as well as in LA (China, 2002), Ea (China, 1992), and GDSH (China, 2007), but was absent from SH (China, 1999). With regard to the second insertion site, our isolates shared the same characteristics with LA (China, 2002), but were different from Ea (China, 1992), GDSH (China, 2007) and SH (China, 1999) (panel A in [Fig. 1](#F1){ref-type="fig"}).

In addition, compared with the other strains, the strains under investigation shared the same nucleotide insertions or deletions as the TJ strain.

Phylogenetic analysis
---------------------

To determine the phylogenetic relationships between the PRV circulating in southern China from 2013 to 2014 and other strains, phylogenetic trees were constructed based on the major viral genes (*gE*, *TK*, *gI*, *PK*, *gD*, *11K* and *28K*). Phylogenetic analysis of multiple sequences generated trees with similar profiles for all genes except *PK* and *gD*, which were classified in two primary clusters. Cluster 1 comprised strains from eastern countries (*i.e.*, China, South Korea and Malaysia) exclusively, while cluster 2 represented strains from western countries and a small number of other Asian strains. Based on the genes involved in this study, PRV strains isolated in China from 2012 to 2014 were clustered into one group and also formed a relatively independent branch. In addition, PRV strain TJ (China, 2012) exhibited a marked genetic relationship with the strains under investigation ([Figs. 2](#F2){ref-type="fig"} and [3](#F3){ref-type="fig"}).

Phylogenetic analysis of the genes in this study revealed that our isolates were not only closely related to other strains isolated in China in recent years, but also had a relatively close genetic relationship with earlier isolates from Asia, including Ea (China, 1992), Min-A (China, 1996), P-PrV (Malaysia, 2008), and Yangsan (South Korea, 1996). Moreover, it was found that the 11 strains under investigation were relatively distant in genetic terms from isolates of western countries, including Becker (USA, 1967), Kaplan (Hungary, 1959) and NIA-3 (Spain, 1971) ([Figs. 2](#F2){ref-type="fig"} and [3](#F3){ref-type="fig"}).

Discussion
==========

Since late 2011, outbreaks of Aujeszky\'s disease have occurred in many Bartha-K61-vaccinated pig farms in China, including those in Guangdong province, causing great economic losses in the swine industry. These outbreaks suggest that PRV strains have evolved new types of pathogenicity. Furthermore, all 11 strains investigated in this study were isolated from Bartha-K61-vaccinated pig herds, indicating that this vaccine fails to provide effective protection against the new prevalent PRV strains in China.

Based on these observations, we investigated the cause of this increasing virulence and changes in the immunogenicity of the new PRV isolates at the molecular level by analyzing the sequences of the major viral genes (*gE*, *TK*, *gI*, *PK*, *gD*, *11K* and *28K*). Nucleotide sequence alignments revealed insertions or deletions in the *gD*, *gE*, *gI* and *PK* genes of the newly isolated PRV strains compared with other PRV isolates from all over the world. When compared with previously isolated Chinese strains, a 6 nt insertion in *gD* and two insertions in *gE* were found to be unique molecular characteristics of the new prevalent PRV strains in China. These changes could be considered molecular markers of the variant PRVs prevailing in China, and it is speculated that these genes play a role in the variation of Chinese PRV strains.

PRV virions are coated with glycoproteins, which are crucial for viral pathogenesis. These molecules are involved in the initiation of viral replication and spreading, mediating important interactions between the virion and host cell; thus, the glycoproteins are good candidates for the rational design of vaccination strategies \[[@B10]\]. Although glycoprotein gE is not essential for viral replication, the absence of this protein reduces virulence \[[@B11]\]. Furthermore, glycoprotein gD, which is essential for viral replication, is required for viral penetration into the cell \[[@B16]\] and induces neutralizing antibodies \[[@B2]\]. Thus, it can be assumed that variations in the *gD* and *gE* genes are related to virulence alteration and immunogenic changes in PRV strains. However, the potential relationship between the insertions or deletions in viral genes identified in this study and the virulence of PRV, which is thought to be determined by multiple factors, remains to be clarified.

Phylogenetic analysis of the major viral genes in this study showed that the newly isolated strains are closely related to the strains isolated in China in recent years. These findings indicate that the isolates from the outbreaks of PR occurring in China from 2012 to 2014 share the same origin. However, the strains under investigation exhibit a relatively closer phylogenetic relationship with the Asian PRV strains than those from western countries, indicating that these newly isolated strains may not originate from virulent strains within China.

It should be noted that the strains under investigation share a significantly high level of homology with the PRV strain TJ (China, 2012), and also share the same nucleotide insertions or deletions as other strains. Furthermore, our strains also formed a tight cluster with TJ in all phylogenetic trees. When compared with the classical PRV SC strain, which was isolated in China in 1987 and classified as a virulent strain \[[@B20]\], the TJ strain is associated with higher mortality in pigs \[[@B9]\]. Together with the results of experimental infections of pigs with the GD-1-2013 strain (a mortality of 60% to 120-day-old pigs) (unpublished data), the high levels of identities between the isolates under investigation and the TJ strain indicate that these newly emerging strains are also highly virulent.

In summary, the results demonstrate that the newly emerging strains are PRV variants with unique molecular signatures. Further studies are required to explore the relevance of the differences within sequences to the virulence alteration and immunogenic characteristics of these PRV variants.
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